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. A comparison of testa variegation of F 2 plants with segregation for nodulation in the F 3 and chi-square tests for goodness-of-fit to the expected ratio of parental, crossover, and two-crossover types with the appropriate crossover percentage a Also includes reciprocal of cross shown.
b Number of families. V ϭ variegated; T ϭ trace-v; S ϭ solid; NC ϭ noncrossover; CO ϭ crossover; TCO ϭ two-crossover; O ϭ observed; E ϭ expected.
ed mean was 7.1% for UF 487A and M4-2. This value was then used as the best estimate of the crossover percentage when calculating the expected value to be used in the chi-square test. The results obtained from F 3 plants, which were in F 2 families that were segregating for nodulation and testa variegation, are presented in Table 2 . Chi-square analyses of the frequencies of the F 2 families ( F 3 data) indicated no significant differences from the expected frequencies, figuring the indicated crossover percentage. The F 3 data thus supported the F 2 findings for linkage ( Table 1). The observed frequencies in the F 1 BC 1 generation were not significantly different from the expected frequencies calculated with the indicated crossover percentage (P ϭ .38). F 2 plants are classified as noncrossover, crossover, or two crossover types by comparing the F 2 plant's testa variegation with the segregation for nodulation in the F 3 ( Table 3 ). When the number of noncrossover, crossover, and two crossover F 2 plants were compared with the expected numbers, assuming the appropriate crossover percentage, no significant difference was detected.
A comparison of testa variegation of F 1 BC 1 plants with segregation for nodulation in the F 2 BC 1 was performed with F 1 BC 1 plants being classified as noncrossover or crossover. There is no two-crossover classification for F 1 BC 1 plants because a crossover can be detected only if it occurs in gametogenesis of the hybrid parent. No significant difference was detected when the number of noncrossover and crossover F 1 BC 1 plants were compared with the expected values (P ϭ .80).
Results from the F 2 , F 3 , F 1 BC 1 , and F 2 BC 1 generations have shown that the N 1 and V loci are linked. The recombination frequency between N 1 and V was 7.1% for the parental combination UF 487A and M4-2. This is the strongest linkage thus far reported in peanuts. In order to determine the population genetic structure of wild rice (Oryza officinalis Wall. ex Watt.), an endangered tropical and subtropical species, allozyme diversity encoded by 24 loci was analyzed electrophoretically in 145 individuals of eight natural populations from Hainan, Guangxi, and Yunnan provinces, China. A fairly high genetic differentiation (F ST ϭ 0.882 and mean I ϭ 0.786) was found among the studied populations. Our results suggest that restricted gene flow may play a significant role in shaping such a population genetic structure. In addition, high genetic differentiation among populations within a geographically limited region may stem from a reduced population size and consequent genetic drift.
High Levels of Genetic
The evolutionary dynamics of a species in natural conditions are mediated by the genetic structure of their populations (Wright 1977 (Wright , 1988 . The nonrandom distribution of genetic variation within and among populations is often called the genetic structure of populations ( Loveless and Hamrick 1984) , which is primarily affected by selection, genetic drift, recolonization, and gene flow. Thus studies of population genetic structure can be crucial for assessing the actions and interactions of these evolutionary forces in natural populations (Selander and Whittman 1983) . A large amount of literature on the genetic structure of plant populations has been accumulated in recent decades (Clegg and Allard 1972; Dewey and Heywood 1988; Hamrick 1989; Schaal and Smith 1980; Soltis and Soltis 1988 ), but further studies, particularly on tropical and subtropical plants, are needed in order to ( Heinriches et al. 1985; Jena and Khush 1990) , and tolerance to shade and dry land, it is one of the most important genetic resources for the improvement of cultivated rice in the world. As a wind-pollinated herbaceous species, O. officinalis is widely distributed in tropical and subtropical regions in the world ( Vaughan 1989 ( Vaughan , 1994 . In China, the species is found in southern and southwestern regions: Guangxi, Guangdong, Hainan, and Yunnan provinces ( National Exploration Group of Wild Rices 1984). However, our recent field investigation suggests that a great number of populations have disappeared and the species is being seriously threatened (Gao et al. 1996; Hong 1995) . As a species of one of our most precious genetic resources, but a little understood one with respect to genetic diversity ( Vaughan 1989) , it is of great importance to learn about its population genetic structure.
Starch-gel electrophoresis provides biologists with valuable genetic markers that are suitable for the study of population genetics and evolutionary processes ( Hamrick 1989) , and thus it has been successfully used to study the genetic structure of natural populations (Soltis and Soltis 1991; Soltis et al. 1992) . In the present study, allozyme analyses were conducted to explore population genetic structure and explain the observed spatial patterns of genetic variability in terms of evolutionary factors.
Materials and Methods
Eight populations of O. officinalis were sampled from Hainan, Guangxi, and Yunnan provinces in China in October 1994 ( Figure 1 and Table 1 ). Because O. officinalis has clonal ability in the populations sampled, care was taken to prevent collecting multiple samples from a single genetic individual. Individual live ratoons were randomly collected at intervals of at least 1 m in the field, numbered, transplanted to pots, and maintained at the Xishuangbanna Tropical Botanical Garden (Mengla County, Yunnan) and South China Botanical Garden (Guangzhou City). Young leaves were individually collected in March 1995, stored in plastic bags on ice, and transported to the laboratory by airplane. For each individual, 0.05 g of fresh young leaf material was crushed in 100 l of Tris-HCl buffer (pH 7.5; see Soltis et al. 1983 ). The extract was absorbed into 3 mm ϫ 8 mm paper wicks and stored at Ϫ70ЊC until electrophoresis was conducted.
Starch-Gel Electrophoresis
Fourteen enzymes were resolved and scored using starch-gel electrophoresis. The electrophoretic methods followed Glaszmann et al. (1988) and Soltis et al. (1983) with 12% starch gels. A modification of buffer system 1 (S1) was used to resolve malate dehydrogenase (MDH, EC 1.1.1.37), malic enzyme (ME, EC 1.1.1.40), and phosphogluconate dehydrogenase (6PGD, EC 1.1.1.44) (the electrode buffer was diluted two times before use); aspartate aminotransferase (AAT, EC 2.6.1.1), diaphorase (DIA, EC 1.6.2.2), aminopeptidase (LAP, EC 3.4.11.1), phosphogluco isomerase (PGI, EC 5.3.1.9), and triosephosphate isomerase (TPI, EC 5.3.1.1) were resolved on buffer system 6 (S6); alcohol dehydrogenase (ADH, EC 1.1.1.1), fructosebisphosphate aldolase (FBA, EC 4.1.2.13), glutamate dehydrogenase (G3PDH, EC 1.4.1.2), isocitrate dehydrogenase (IDH, EC 1.1.1.42), phosphoglucomutase (PGM, EC 2.7.5.1), and shikimate dehydrogenase (SKD, EC 1.1.1.25) were resolved on buffer system 1 of Glaszmann et al. (1988) (G1) . Staining procedures for all enzymes followed Soltis et al. (1983) . When more than one isozyme was observed for an enzyme, isozymes were numbered sequentially with the most anodally migrating enzyme designated 1. Allelic variation at a locus was coded alphabetically, with the most anodally migrating allozyme designated a.
Data Analysis
Electrophoretic data were analyzed using the computer program Biosys-1 version 1.7 for the IBM-PC (Swofford and Selander 1989) . Data were entered as genotype numbers from which allele frequencies were calculated; genetic similarities between the eight populations were estimated using Nei's (1978) method and the data were used to construct an UPGMA dendrogram. The levels of genetic variability within populations were estimated using four variables: the mean number of alleles per locus (A), percentage of polymorphic loci (P), observed heterozygosity (H o ), and expected heterozygosity (H e ). The deviation from Hardy-Weinberg equilibrium (fixation indices) and F statistics were calculated. Outcrossing rates (t) were estimated using fixation indices (F), and outcrossing rate and fixation index are related by t ϭ (1 Ϫ F)/(1 ϩ F) (Weir 1990 ). (Gottlieb 1982) , only one PGM isozyme was observed in O. officinalis. Two loci of G3PDH and PGD are typically reported (Second 1982) , but only one locus was observed in this study; the banding patterns of Pgi-2 and Pgi-3 seemed to be apparent gene duplications. It is apparent that significant allelic differences existed between Hainan and the other two regions, and the differences came mainly from the presence of 10 specific alleles in Guangxi and Hainan ( Table  2 ). The three populations (populations 1, 2, and 3) from Guangxi had Aat-3a, , and Skd-c, while the four populations (populations 4, 5, 6, and 7) from Hainan had Aat-3b, , and Skd-b. All populations from Guangxi had Lap-1b except population 2, which possessed the same allele (Lap-1a) as the populations from other regions. Moreover, there were two specific alleles: the three populations from Guangxi had Pgm-a, while the four populations from Hainan had Pgm-b, except populations 4 and 5 which had Pgm-a with low frequencies of 0.025 and 0.167, respectively. In addition, all the populations except populations 4 and 5, which possessed Lap-2b, Pgd-a, and Tpi-1b at the frequencies of 0.025 and 0.167, respectively, were monomorphic at Lap-2, Pgd, and Tpi-1. Of interest, population 8 from Yunnan shared more alleles with the populations from Guangxi (Aat-3a, Dia-1a, Mdh-2b, and Mdh-3c) than with those from Hainan (Aat-1a), which was responsible for the higher genetic identity between the two regions. Two specific alleles were found in population 8: one was Skd-d (1.00), which was also found in population 1 from Guangxi at a much lower frequency of 0.438, and the other was Dia-2a, which occurred at a rather low frequency of 0.031. Finally, seven alleles (Adh-a, Adh-b, Pgi3a, were found among all the populations studied at variable frequencies, which might also contribute to genetic differentiation among populations to a certain extent.
The values of genetic diversity varied among populations ( Table 3) . It is clear that populations 4 and 5 from Hainan showed relatively higher levels than others, while population 3 from Guangxi and population 7 from Hainan showed the lowest levels of genetic diversity. Moreover, the mean levels of genetic diversity for Hainan were relatively higher than those for Guangxi as well as those for Yunnan.
At the species level, genetic diversity was higher than that at the population level.
The above results were further demonstrated by Wright's F statistics ( Table 4 Nei, 1978) . that there existed more genetic differentiation among Guangxi populations than among Hainan populations. F IS was 0.899, suggesting that most of the populations deviated from Hardy-Weinberg expectation within populations and that there was a deficiency of heterozygotes. Table 3 also gives the fixation indices for all the populations studied, suggesting most of the populations deviated from Hardy-Weinberg expectation. In general, the populations studied showed a deficiency of heterozygotes, with a mean fixation index of 0.520. The outcrossing rate (t) was also estimated to obtain preliminary insights into the mating system of the species; the populations of O. officinalis possessed an average estimated outcrossing rate of 31.6%. Nei's (1978) unbiased genetic identity values varied between the pairs of populations (data not shown). The mean of all pairwise comparisons of 0.786 suggests a fairly low genetic similarity and corresponds to the high level of F ST observed.
The mean genetic identity values estimated for the regions ( Table 5) were somewhat lower than those among populations from both Hainan and Guangxi, indicating that high genetic differentiation in O. officinalis occurred between Hainan and the other two regions. The only population from Yunnan had a close genetic relationship with Guangxi despite the great geographic isolation and agreed with the difference of allelic frequencies observed. These results are shown in Figure 2 , which not only shows the above relationships, but also indicates that pairs of populations that were geographically closer to each other had higher genetic identities than those separated by greater distances.
Discussion
Levels of genetic variation are highly variable among plant populations ( Hamrick 1989; Hamrick and Godt 1989) , as is the case in O. officinalis. Compared to the mean estimate of allozyme diversity in the herbaceous perennial and wind-pollinated plant species reviewed by Hamrick and Godt (1989) , O. officinalis possesses low levels of allozyme variation. The levels of genetic diversity in the species are much lower than those reported in O. rufipogon Griff. ( Barbier 1989b; Second 1985a) , and also lower than those in Chinese O. rufipogon (A ϭ 1.3, P ϭ 22.7%, and H ϭ 0.068) according to our recent allozyme survey (Gao et al. 2000a ). However, the species possesses a higher amount of genetic diversity than that of O. glumaepatula Steud. (Akimoto et al. 1995) and Chinese O. granulata Nees et Arn. ex Watt. (A ϭ 1.09, P ϭ 6.33%, and H ϭ 0.016) (Gao et al. 2000b ). The results therefore suggest that O. officinalis probably maintains a moderate level of genetic diversity in the genus Oryza. It is noteworthy that there exists a fairly high level of genetic differentiation, with the F ST value (0.882) being much higher than the average for short-lived herbaceous perennials and wind-pollinated plants ( Hamrick and Godt 1989) as well as gravity-dispersed plants ( Loveless and Hamrick 1984) . As compared to the other wild rice species studied, the genetic differentiation among populations of O. officinalis is not only much higher than that in O. rufipogon from Thailand ( Barbier 1989b) and China (F ST ϭ 0.310) (Gao et al. 2000a ), but it also seems somewhat higher than that in O. granulata from China (F ST ϭ 0.859) (Gao et al. 2000b ). The level of mean genetic identity further supports the findings in the present study (I ϭ 0.786), which is obviously lower than the mean I ϭ 0.900 among populations within a species (Gottlieb 1981) and lower than those for other Oryza species studied, such as O. rufipogon from China (Gao et al. 2000a; Second 1985b) and Thailand ( Barbier 1989a) , O. granulata from China (I ϭ 0.901) (Gao et al. 2000b) , and O. glumaepatula from the Amazon basin (Akimoto et al. 1995) .
The genetic differentiation of O. officinalis in this work exists not only between Hainan and the other two regions, but also within a geographically limited region. A possible explanation for the highly regional differentiation between Hainan and the other regions is that large populations might have been on Hainan Island before being isolated, and consequently geographical isolation between them has led to restricted gene flow. For immigrants that possibly arrived on the island before it was totally separated from the mainland, the founder effect may play a small role in its levels of genetic diversity. In addition, the tropical climate of the island might have advantages in maintaining the lower frequencies of genetic bottlenecks after establishment, and the influence of genetic bottleneck effects on outcrossing species with a large effective population size will be less than in smaller populations. These explanations are supported by the high level of genetic diversity observed within the populations of Hainan in the present study. Great geographical isolation and the channel barrier may have led to fairly restricted gene movement, and thus a great deal of specific alleles were fixed in the populations of different geographical regions and a high genetic differentiation was observed.
High genetic differentiation among populations of O. officinalis within a geographically limited region may stem from limited gene flow and genetic drift due to the smaller populations. Taking Guangxi as an example, relatively isolated natural habitats may play an important role in genetic differentiation. Most of the populations of O. officinalis grow in humid habitats beside streams in mountain valleys, and the water flow may act as a seed dispersal agent as well as live ratoons. It is possible that gene flow occurs along the same stream, but the populations along different streams are relatively isolated. In addition, although O. officinalis was widely distributed in Guangxi and once had a large population (Wu 1981) , our recent field survey suggests that many populations of Guangxi have fallen into extinction, and the surviving ones have become fairly small in size and greatly isolated (Gao et al. 1996) . The reduction in population size may lead to changes in allelic frequencies due to genetic drift (Ayala 1982) , and very small, isolated populations in the respective streams may also reduce the chances of migration among populations. A high genetic identity between Yunnan and Guangxi, despite their distant geographical isolation, may be due to the same gene pool source that was shared by the populations in the two regions, as well as historical migration events.
Among the different causes proposed by Brown (1979) , two may be used for the case of O. officinalis: selfing and isolation by distance. To explain the similar result that was observed in perennial populations of O. rufipogon from Thailand, Morishima and Barbier (1990) proposed that some inbreeding may occur in outcrossing asexual populations because of intraclonal outcrossing events. It is probably the case in O. officinalis in this study. In addition to regional geographic isolation, most of the populations studied are greatly isolated due to discrete natural habitats and human destruction (Gao et al. 1996) , which has resulted in a deficiency of heterozygotes. Another possible explanation for the high differentiation observed in the present study may be that those lower sample sizes could tend to increase the F ST estimates, since small sample sizes cause more deviant estimates of allele frequencies.
In conclusion, restricted gene flow as well as genetic drift may account for the high genetic differentiation of O. officinalis observed in the present study. However, the spatial distribution of genetic variation within plant populations results from the joint action of mutation, migration, selection, and genetic drift ( Hamrick 1989) . It should be noted that populations from other regions, such as Guangdong Province, as well as other worldwide regions, are not included in the present study. Therefore a full picture of population genetic structure for the species, as well as possible evolutionary causes, can be better outlined if extensive studies on these other populations are completed in the future. Further detailed information on the variation of reproductive and mating systems should also be helpful to explain the population genetic structure of O. officinalis. It is certainly a critical issue for the conservation of these wild genetic resources.
